Evidence from epidemiologic studies indicates that ambient particulate air pollution and air pollution episodes lead to increased cardiovascular hospital admissions and mortality (Pope 2000; Schwartz 1994) . Although the relative effects of particulate air pollution are greater for respiratory than for cardiovascular mortality, the absolute number of deaths attributable to particulate air pollution is much higher for cardiovascular than for respiratory deaths (Dockery 2001; Frampton 2001) .
Cardiac rhythm disorders are the leading cause of hospital admissions for cardiovascular diseases in the United States. More than half of the deaths due to ischemia, myocardial infarction, and cardiomyopathies are directly related to cardiac arrhythmias, and these deaths are usually sudden (Spooner et al. 2001; Zipes and Wellens 1998) . Myocardial substrate (myocardial damage due to coronary disease, infarction, or cardiomyopathy), the autonomic nervous system (sympathetic activation or/and parasympathetic withdrawal), and myocardial vulnerability (ventricular arrhythmias, repolarization dynamics) are believed to be key factors that contribute to the mechanism of arrhythmogenic conditions and arrhythmic death (Zareba et al. 2001 ) and represent the so-called "cardiac death triangle."
Repolarization abnormalities play a critical role in arrhythmogenesis, and electrocardiogram (ECG) measures of repolarization morphology and dynamics can identify patients at risk for cardiac death and sudden death (Atiga et al. 1998; Berger et al. 1997; Chevalier et al. 2003; Okin et al. 2000; Zabel et al. 1998) . Previous studies on the daily variation of particulate air pollution and heart rate variability in elderly subjects showed an increase in heart rate (Liao et al. 2004; Peters et al. 1999; Pope et al. 1999 ) and a decrease in heart rate variability (Creason et al. 2001; Gold et al. 2000; Liao et al. 1999 Liao et al. , 2004 Pope et al. 1999 Pope et al. , 2004 associated with particulate air pollution. However, there are no clinical data regarding the influence of air pollution on repolarization parameters.
The purpose of this study was to assess associations between daily variations in particulate air pollution and repolarization ECG parameters representing abnormalities in the myocardial substrate and increased vulnerability of myocardium to arrhythmias. Novel measures of repolarization (e.g., T-wave complexity) were used to investigate the underlying pathophysiologic mechanisms leading to adverse reactions of the heart in response to air pollution.
ECG recordings and analysis. The ECG was recorded with a 12-lead Mortara H12 digital Holter recorder (Mortara Instrument, Milwaukee, WI, USA) using a digital sampling rate of 180 samples/sec per channel and included a 6-min period of rest in supine position with spontaneous breathing. The clinical visits were scheduled on the same weekday (Monday-Friday) and time (0800-1700 hr) for each patient once every 2 weeks to minimize the influence of circadian variation of the parameters studied. All methods used in the study were conducted according to standard operating procedures (SOP; available from the authors upon request).
The ECG recordings were analyzed manually by one observer for the QT interval and automatically for T-wave complexity and amplitude using the research version of the H-Scribe 12-Lead Digital Holter System (Mortara Instrument) at the University of Rochester Medical Center. The QT interval duration corrected for heart rate (QTc) was measured manually in lead II and adjusted for heart rate with Bazett's formula (Bednar et al. 2001) . We chose lead II for QT measurements because in clinical conditions this lead is considered representative for the overall electrical forces of the heart. For T-wave amplitude, we used original ECG leads I, II, and V1-V6, and the median value from those eight original leads was taken for each cardiac cycle and averaged over a 5-min period. T-wave complexity was measured in each beat by principal component analysis based on all 12 leads and averaged over a 5-min period. T-wave complexity describes the global shape of the Twave with the advantage of not having the need for T-wave end determination. The first component (eigenvector) accounts for most of the energy in repolarization in a normal Twave, whereas the second indicates a relevant contribution to the inhomogeneous repolarization. The average ratio between the second and the first component expressed as percentages represents a measure of complexity and heterogeneity of repolarization and provides an estimate of the fatness of the T-wave loop relative to its amplitude (Okin et al. 2002) .
Variability of T-wave complexity was measured using an SD of this parameter over the 5-min period (similar to SD of normal-to-normal intervals for heart rate variability) and was not corrected for heart rate. However we also performed the analysis of the variability of T-wave complexity adjusted for heart rate variability (including the SD of normal-to-normal intervals as a linear term in the confounder model) similar to the approach for T-wave lability by Berger et al. (1997) and the work of Haigney et al. (2004) to test if the effect estimates of the variability of T-wave complexity were dominated or induced by the response of heart rate variability to air pollution.
Air pollution monitoring. The concentrations of ambient air pollutants were measured at a fixed monitoring site representing urban background levels according to the SOP developed within the framework of previous studies (Wichmann et al. 2000) . Continuous ultrafine particle (UFP; 0.01-0.1 µm) counts, accumulation mode particle (ACP; 0.1-1.0 µm) counts, and PM 2.5 (mass of particles < 2.5 µm in aerodynamic diameter) were measured with a mobile aerosol spectrometer consisting of the differential mobility analyzer combined with a condensation particle counter for particles with an aerodynamic diameter between 0.01 µm and 0.5 µm and an optical laser aerosol spectrometer for particles with a size range of 0. Heart rate (beats/min) 64.7 ± 9.9 QTc interval a (msec) 428.3 ± 35.6 T-wave complexity (%) 21.6 ± 12.8 Variability of T-wave complexity (%) 2.5 ± 1.8 T-wave amplitude b (µV) 256.0 ± 126.9
confounder variable. We considered the following confounder variables: an indicator variable for each subject, long-term time trend, temperature, relative humidity, barometric pressure, and weekday of the visit. Sensitivity analyses performed were either by changing the confounder model or by excluding specific patients. The exposure, in this case ambient particulate and gaseous air pollution, was measured in different time intervals before the ECG measurements because current knowledge on the underlying biologic mechanisms supports an immediate as well as a cumulative response over 5 days. For every patient, we analyzed the individual 0-5, 6-11, 12-17, 18-23, and 0-23 hr and 2-5 days of air pollution exposure before the ECG recording to look for immediate and delayed responses of the patients. No adjustment was made for autocorrelation in the patients' data or in the pollution data because the repeated measurements took place 2 weeks apart. The model with the lowest AIC was selected for each outcome variable. Effect estimates are presented together with 95% confidence intervals (CIs) based on an increase in air pollution concentration from the first to the third quartile [interquartile range (IQR)].
Results

Patient characteristics and repolarization parameters.
The study group consisted of 56 male patients with a mean (± SD) age of 66 ± 6 years (range, 52-76 years) and a mean (± SD) body mass index (BMI) of 28 ± 4 kg/m 2 (range, 22-38 kg/m 2 ). Most patients had prior myocardial infarction, and all patients had stable coronary artery disease. The patients were current nonsmokers, but almost threefourth were ex-smokers. They were treated mainly with β-blockers or angiotensinconverting enzyme (ACE) inhibitors (Table 1) . Medication was maintained without changes during the study except for 10 patients (18%) who had an update in medication (either removed or added prescription).
Subjects had clinical exams every 2 weeks for 6 months, and 662 (99%) of the targeted 672 clinical exams were conducted; 625 (93%) ECG recordings were available for analysis. Table 1 shows the average values of the studied ECG parameters. QTc was not significantly correlated (Spearman correlation coefficient r) with the other three ECG parameters. The highest correlation could be seen between the T-wave complexity and its variability (r = 0.58). T-wave amplitude showed a negative correlation with T-wave complexity and with the variability of T-wave complexity (r = -0.42 and r = -0.49, respectively).
Air pollutants. A description of particulate and gaseous air pollutants, as well as meteorologic variables, is shown in Table 2 . Figure 1 shows UFP and PM 2.5 concentrations and air temperature during the study period. Although not strongly correlated, UFPs were more correlated (Spearman correlation coefficient r) with ACPs (r = 0.64) than with PM 2.5 (r = 0.41). ACPs and PM 2.5 were highly correlated (r = 0.91). EC and OC were both highly correlated with ACPs and PM 2.5 (r > 0.76). The correlation between gaseous and particulate air pollutants was highest for UFPs with NO (r = 0.83) and NO 2 (r = 0.76); for ACPs with NO (r = 0.68), NO 2 (r = 0.69), and CO (r = 0.82); for PM 2.5 with CO (r = 0.72); and for OC and EC with NO, NO 2 , and CO (r > 0.68).
Analysis of the association between air pollution and repolarization parameters. Table 3 shows the estimated effects for particulate air pollution concentrations (UFPs, ACPs, PM 2.5 ) in different time windows on the repolarization parameters together with the 95% CIs. In order to base values on comparable increments of exposure for the study period, the effect estimates were multiplied by the IQR of the pollutants (Table 2) .
For all analyzed particulate concentrations measured during the 24 hr before the ECG recording, there was an increase of QTc, which was significant only for ACP concentrations during the 6-11 hr before the recordings and for OC for all the 6-hr time windows within the first 18 hr before the recording and for the complete 0-23 hr period.
T-wave amplitude showed a significant decrease in association with UFP, ACP, and PM 2.5 concentrations during the 0-5 hr before the ECG, and UFPs as well as ACPs also showed significant effects for concentrations during the 0-23 hr before the recording. For PM 2.5 , this 24-hr average effect size was comparable but not significant. With EC concentrations an immediate (lag of 0-5 hr) borderline decrease of T-wave amplitude could be seen.
Correspondingly T-wave complexity showed a significant increase in association with PM 2.5 concentrations during the 0-5 hr and with UFPs during the 18-23 hr before the recording.
The variability of T-wave complexity showed a borderline increase with PM 2.5 concentrations during the 0-5-hr and the 0-23-hr periods before ECG measurement and a significant increase for OC and EC concentrations during 0-5 (only borderline for OC), 12-17, and 0-23 hr before the ECG recording. Generally, effects of gaseous pollutants were weaker. For QTc, an association with NO 2 (effect estimate, 4.47; 95% CI, 1.02-7.93) and CO (3.86; 95% CI, 0.92-6.81) concentrations during 6-11 hr before the recording and with SO 2 (3.75; 95% CI, 1.21-6.28) during the whole 0-23 hr before ECG were observed. NO, a gaseous marker for freshly emitted UFPs from diesel vehicles, showed an association between concentrations during 0-23 hr before the ECG and the variability of T-wave complexity (effect estimate, 0.14; 95% CI, 0.02-0.26) and between concentrations during 0-5 hr before the recording and the T-wave amplitude (-1.97; 95% CI, -3.91 to -0.03). No further significant associations between T-wave parameters and gaseous pollutants were found (Figure 2) .
When comparing the influence of PM 2.5 concentrations during the first 6 hr before the recording on T-wave parameters (scaled to the percent change of average repolarization parameter), T-wave complexity showed larger effects than did T-wave amplitude (Figure 3 ). Besides some isolated effects possibly due to multiple testing, no significant delayed effects could be seen for any ECG parameters for time intervals previous to the 24-hr lag.
A sensitivity analysis for the variability of T-wave complexity by including an additional adjustment for heart rate variability in the confounder model showed identical effect estimates. Even stronger effects in the same direction were observed when excluding from our analysis two patients taking antiarrhythmic medication that may affect repolarization. In a further sensitivity analysis, all results were consistent when leaving out either the trend or the meteorology in the confounder model. A sensitivity analysis with parametric smoothing functions (natural splines) instead of nonparametric smoothing functions (loess) for the confounder model did not show any changes in the effect estimates.
Discussion
This longitudinal study showed that increased levels of particulate air pollution are associated with significant changes in ECG repolarization parameters reflecting myocardial substrate and vulnerability. The analyzed repolarization parameters showed different pollutant-specific responses, although some of the measured particulate pollutants were highly correlated. In association with ACP, PM 2.5 , and OC concentrations for the whole 0-23-hr period before the recording, an increase in QTc could be seen, which was significant especially for OC. T-wave amplitude showed a significant decrease with UFP, ACP, PM 2.5 , and EC concentrations measured during 0-5 hr (only borderline for EC) and during 0-23 hr before the recording (significant only for UFPs and ACPs). Consistently with this finding, T-wave complexity, a computerized measure of repolarization morphology, increased significantly in association with PM 2.5 concentrations in the same time interval. The variability of T-wave complexity also showed an immediate borderline increase with PM 2.5 concentrations measured during the 0-5 and the 0-23-hr time interval before the ECG and a significant increase in association with OC and EC concentrations during the whole 24 hr before recording the ECG. The observed inhomogeneous reaction to the air pollution mix for the analyzed repolarization parameters might point toward different actions of air pollution components on the complex repolarization process (Brook et al. 2004) .
Previous studies on the daily variation of particulate air pollution and heart rate variability in elderly subjects showed an increase in heart rate (Liao et al. 2004; Peters et al. 1999; Pope et al. 1999 ) and a decrease in heart rate variability (Creason et al. 2001 All models included the categorical variables patient number and weekday, and in addition, the following variables: for QTc interval-trend loess (df = 6.0), temperature lag 3 loess (df = 6.2), relative humidity lag 1 polynomial (second order), and barometric pressure lag 1 linear; for T-wave complexity-trend loess (df = 2.3), temperature lag 3 polynomial (second order), relative humidity lag 3 loess (df = 6.7), and barometric pressure lag 0 polynomial (third order); for T-wave amplitude-trend polynomial (third order), temperature lag 2 linear, relative humidity lag 3 polynomial (third order), and barometric pressure lag 3 linear; for variability of T-wave complexity-trend loess (df = 3.4), temperature lag 3 loess (df = 4.6), relative humidity lag 2 polynomial (second order), and barometric pressure lag 0 loess (df = 4.1). *p < 0.10 (borderline significant). **p < 0.05 (significant). # p < 0.01 (highly significant). Gold et al. 2000; Liao et al. 1999 Liao et al. , 2004 Pope et al. 1999 Pope et al. , 2004 ) associated with particulate air pollution. Animal data support the concept that the autonomic nervous system may be a target for the adverse effects of air pollution. Rats exposed to fuel oil fly ash, a known contributor to PM 2.5 , developed an inflammation in the lung and also showed signs of inflammatory response in the heart (Killingsworth et al. 1997) . Instillation of residual oil fly ash caused cardiac arrhythmias in rats with preexisting pulmonary inflammation (Watkinson et al. 1998) . T-wave alternans, a marker of myocardial vulnerability and electrical instability, increases in dogs with inhalation of residual oil fly ash (Godleski et al. 2000) . Exposure to concentrated air particles induced an increase of the high-and low-frequency domains of the heart rate variability in healthy dogs (Godleski et al. 2000) . All of these findings suggest that inhaled particles may affect the balance between the sympathetic and parasympathetic control of the heart, and promote a stress response that potentially leads to arrhythmias. This study demonstrates that air pollution also affects the other two components of the "cardiac death triangle," the myocardial substrate and myocardial vulnerability, assessed by repolarization parameters. Abnormalities in repolarization morphology, described by the fairly novel measurement of T-wave complexity and T-wave amplitude, reflect the status of the myocardial substrate and were previously found to be associated with an increased risk of cardiac events in a cohort of healthy subjects (Kors et al. 1998; Okin et al. 2002) and in postinfarction patients (Zabel et al. 1998 (Zabel et al. , 2000 in studies unrelated to the field of air pollution. Our findings indicate that abnormalities in repolarization duration and morphology occur in response to an increased level of air pollution reflecting its short-term influence on the myocardium. Such changes might predispose to arrhythmic events. The risk of an arrhythmic event is further enhanced by the observed increased vulnerability of the myocardium (measured by the variability of T-wave complexity). Further evidence for this interpretation was collected by a study in patients with implanted cardioverter defibrillators, where increases in levels of ambient particles have been associated with increases in arrhythmia frequency . Also, Riediker et al. (2004) found a strong increase of ventricular and supraventricular ectopic beats with higher PM 2.5 in-vehicle measurements in young, healthy, nonsmoking male highway patrol troopers.
In the study presented here, most of the changes in repolarization due to elevated air pollution (UFPs, ACPs, PM 2.5 , OC, EC) started immediately. A decrease in heart rate variability with an increase in PM 2.5 was analyzed in Pope et al. (1999) for the same day and the previous day. Gold et al. (2000) also showed immediate effects for PM 2.5 concentrations during 0-3 hr before the testing, which is consistent with our findings 0-5 hr before the recording. Peters et al. (2000) found an association between cardiac arrhythmia and a 2-day lag for PM 2.5 , CO, and NO 2 . Pekkanen et al. (2002) showed an association between ACPs and ST-segment depression in the ECG on the 2-day lag. These findings lead to the hypothesis that the immediate effects in T-wave morphology and heart rate variability might lead 2 days later to a manifestation expressing in ST-segment depression or cardiac arrhythmia.
Particulate matter is a complex mixture containing many different components including metallic compounds such as iron, zinc, copper, vanadium, and nickel, which are potent inducers of physiologic effects in animals and humans (Campen et al. 2002; Evangelou and Kalfakakou 1993) . Direct effects on the cardiovascular system, blood, and lung receptors, as well as indirect effects Change of average repolarization parameter per increase in IQR pollutant (%)
T-wave complexity T-wave amplitude
Variability of T-wave complexity ECG parameter mediated through pulmonary oxidative stress and inflammatory responses, have been observed. The direct effects may occur via agents such as soluble constituents of PM 2.5 or possibly UFPs that cross the pulmonary epithelium into the circulation. They might be an explanation for the quick cardiovascular responses within a few hours, as seen, for example, for the repolarization and T-wave morphometry changes in this study. Mechanisms under discussion (Brook et al. 2004; Schulz et al., in press ) include a dysfunction of the autonomic nervous system in response to direct reflexes from receptors in the lung, a cardiac malfunction due to ischemic responses in the myocardium, and/or altered ion channel functions in the myocardial cells. Complicating our understanding even more is the fact that different chemicals released from deposited particles are able to induce different ion channel reactions (Graff et al. 2004 ). The observed change in QT interval and T-wave morphology might be indicative of changes in ion channel functions, but the understanding of the complex biologic pathways is still very limited. In contrast, responses within several hours or days after the inhalation of particles may possibly occur via pulmonary oxidative stress and systemic inflammation. These reactions are able to trigger endothelial dysfunction and a procoagulatory state with thrombus formation and promotion of atherosclerotic lesions.
It is conceivable that the combined effect of transient increases in blood coagulability (Seaton et al. 1995) , an acute-phase response (Ernst and Resch 1993; Ridker et al. 2000) , an increase in blood viscosity (Peters et al. 1997) , and a change in myocardial substrate and vulnerability, as suggested in this study, could precipitate adverse cardiac events, especially in susceptible individuals.
Strength and limitations. Our longitudinal study with multiple observations per subject has the advantage of an almost complete follow-up in all 56 participants for 6 months, with each subject being his own control. To assure the quality of the ECGs, all nurses were trained carefully and frequently checked by the quality assurance officer in terms of electrode placement as well as skin preparation. Because the ECG parameters differ from person to person (age, sex, genetics, physiology, pathophysiology, therapy), the confounder model included an indicator variable for each subject and thus indirectly adjusted for the interperson differences and medication use of the participants. Ischemic heart disease patients are of particular interest because their cardiovascular disease might make them particularly sensitive to the effects of air pollution episodes, and these patients are particularly prone to die from cardiac and arrhythmic death. The often high use of different medications in these patients is expected to bias the estimates toward the null and thus only leads to an underestimation of the effects. For subgroup analyses of different medication groups, the sample size and thus the statistical power were unfortunately too small.
We chose to focus on T-wave complexity and amplitude in addition to the QTc interval to evaluate changes in repolarization morphology and duration as more reliable descriptors of repolarization changes than QT duration. Accumulating evidence indicates that principal component analysis of the T-wave provides a better quantitative assessment of the complexity of repolarization than other ECG parameters and is becoming a useful tool in noninvasive ECG diagnostics (Okin et al. 2002) . The medical relevance of the observed changes in the analyzed ECG parameters might be small, but the results of this study will nevertheless help to understand the different pathways and mechanisms of the "cardiac death triangle" that lead from ambient air pollution to adverse cardiac events.
Misclassification of air pollution exposure is another potential source of bias especially in time-series studies (Zeger et al. 2000) . Factors such as wind direction, climatic conditions, long-range transport, and distances from sources affect personal exposure patterns to pollutants from ambient sources. But any exposure misclassification would be expected to be nondifferential and thus to bias the estimates toward the null.
Conclusion
Elevated particulate air pollution has a significant immediate effect on QTc duration, T-wave complexity, and T-wave amplitude. There is a convincing body of evidence that particulate air pollution is associated with an increased risk of cardiovascular morbidity and mortality, and this study provides evidence for a deleterious effect of air pollution on myocardial substrate and vulnerability, key factors in the mechanisms of cardiac death.
